After exposure of spontaneously beating hearts or electrically stimulated isolated cardiomyocytes to hypothermia-rewarming (H/R), cardiac dysfunction or alteration in excitation-contraction coupling, respectively, is a consequence. In contrast, hypothermic cardiac arrest, as routinely applied during cardiac surgery, will not impose any hazard to cardiac function after rewarming.
INTRODUCTION
The successful use of deliberate hypothermia in cardiac surgery stands in clear contrast to the hypothermia-rewarming (H/R)-induced heart dysfunction seen when rewarming patients from accidental hypothermia. During cardiac surgery, cardiac stasis is achieved in a controlled fashion, whereas in accidental hypothermia the beating heart may suffer damaging effects when maintaining an increased workload at low temperatures before cardiac stasis occurs. It is possible that during H/R, pathophysiological events take place in c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society the beating heart as a result of maintained excitation-contraction coupling. In contrast, during hypothermic cardiac surgery, the heart is in diastolic arrest, deprived of any external workload, as body O 2 transport is provided by the heart-lung machine.
Previous preclinical studies, in which intact animal models were exposed to experimental H/R, have shown significantly impaired myocardial contractile function after rewarming (Han, Tveita, Prakash, & Sieck, 2010; Kondratiev, Wold, Aasum, & Tveita, 2008; Tveita, Skandfer, Refsum, & Ytrehus, 1996) . Our recent study demonstrated that H/Rinduced contractile dysfunction in cardiomyocytes is attributable Experimental Physiology. 2018;103:819-826.
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New Findings
• What is the central question of this study?
Will discontinued stimulation of isolated cardiomyocytes (asystole) during hypothermia mitigate hypothermiarewarming-induced cytosolic Ca 2+ overload?
• What is the main finding and its importance?
Mimicking asystole or hypothermic cardiac arrest by discontinued stimulation of cardiomyocytes during hypothermia resulted in normal contractile function after rewarming. This result suggests that asystole during severe hypothermia provides protection from hypothermia-rewarming-induced contractile dysfunction in cardiomyocytes.
to a decline in Ca 2+ sensitivity of contraction, which is associated with increased cardiac troponin I (cTnI) phosphorylation (p-cTnI; Schaible et al., 2016) . The intracellular mechanism responsible for this alteration appears to be closely related to an increase in protein kinase 
METHODS

Animals
The experimental protocol was approved by The Institutional Animal 
Cardiomyocyte isolation
The procedure for isolating cardiomyocytes was previously described in detail (Louch, Sheehan, & Wolska, 2011; Prakash, Kannan, Walseth, & Sieck, 2000; Schaible et al., 2016) . In brief, the excised heart was cannulated via the aorta and retrogradedly perfused with zero-Ca 2+
Tyrode solution at 37 • C oxygenated with 100% O 2 . After 5 min of perfusion, the Tyrode solution was replaced with zero-Ca 2+ Tyrode solution containing enzyme (see section 2.7: Chemicals and solutions) and continually perfused for 10 min. The enzymatically digested heart was then chopped up with a surgical scissors, which produced abundant cardiomyocytes that were filtered out via a stainless-steel strainer (∼200 m). These cardiomyocytes were centrifuged at 69 g for All selected cardiomyocytes survived the entire experimental protocol.
Experimental parameters were maintained with <10% change from the initial state for up to 5 h in the time-matched controls.
Hypothermia-rewarming protocol
Before the experimental protocol, isolated cardiomyocytes stored in As a control, cardiomyocytes in the chamber were maintained at 35 • C with constant electrical stimulation for 3 h.
Simultaneous measurements of cytosolic Ca 2+ concentration and contractile responses
The measurements were previously described in detail (Schaible et al., 2016) . Briefly, isolated cardiomyocytes were loaded with 1 M fura- The absolute value of [Ca 2+ ] i (nanomolar) was determined on the basis of calibration of the ratio (R = 340/380 nm) of fura-2 fluorescence (Grynkiewicz, Poenie, & Tsien, 1985) .
Western blotting
Homogenized cardiomyocytes in RIPA buffer including 2% SDS and phenylmethylsulfonyl fluoride were placed on ice in the course of all subsequent procedures. Protein samples were solubilized on ice by sonication for three 15 s intervals. Samples were then spun in a 4 • C centrifuge at 12,000 g for 15 min (Schaible et al., 2016) . The Lowry assay was used to assay protein concentration. Afterwards, all protein samples were denatured in 1× sample extraction buffer at 100 • C for The relative extent of cTnI phosphorylation at Ser23/24 for each sample was determined by the ratio of the Ser23/24 phosphospecific antibody signal to the total cTnI antibody signal.
Myosin binding protein C phosphorylation
Phosphorylation of myosin binding protein C (MyBP-C; 150 kDa) was assessed using Pro-Q Diamond Phosphoprotein Gel Stain (Molecular Probes) and SYPRO Ruby Protein Gel Stain (Invitrogen; Han & Ogut, 2010; Rybakova, Greaser, & Moss, 2011) . Protein samples were prepared in the same manner as those for Western blotting and resolved by SDS-PAGE. The gels (7.5%) were fixed with fixing solution (50% methanol and 10% acetic acid) for 30 min two times.
Based on the company's manual (Invitrogen), the fixed gels were washed with distilled water for 10 min three times and then the gels were stained with Pro-Q Diamond for 90 min in the dark room. The stained gels were destained with destaining solution (20% acetonitrile and 50 mM sodium acetate) for 30 min three times.
The destained gels were washed with distilled water for 5 min two times. The washed gels were fluorescently imaged using a Kodak imaging system (excitation at 550 nm and emission at 610 nm) to detect phosphorylated proteins. After this, the gels were immediately incubated with SYPRO Ruby overnight. The stained gels were washed with destaining solution (10% methanol and 7% acetic acid) for 
Chemicals and solutions
Statistical methods
All data are presented as means ± SD. Differences among control, H/R with and without stimulation were compared using one-way repeatedmeasures ANOVA. Differences were considered significant at P < 0.05; n represents a number of six animals/hearts for each experimental group (control, H/R with stimulation or H/R without stimulation).
RESULTS
Evoked [Ca 2+ ] i and SL shortening
In cardiomyocytes exposed to hypothermia with continued stimulation, the evoked [Ca 2+ ] i responses during hypothermia were prolonged in comparison to normothermic conditions (Figure 1a) .
These results are similar to those previously reported (Schaible et responses during hypothermia in group 3 were less prolonged than those in group 2 ( Figure 1a ) and also SL shortening in group 3 during hypothermia was reduced compared with that in group 2 (Figure 1b) .
In comparison to both control and H/R with stimulation, cardiomyocytes exposed to H/R without stimulation (asystole) maintained contractile function after rewarming (Figure 1b) . Specifically, in contrast to the significantly reduced extent and velocity of SL shortening after H/R with stimulation, cardiomyocytes exposed to H/R without stimulation during hypothermia maintained the extent and velocity of SL shortening after rewarming (Figure 2a,b) .
Ca 2+ sensitivity of contraction
Dynamic assessment of the Ca 2+ sensitivity of contraction was conducted using a phase-loop plot Schaible et al., 2016; Spurgeon et al., 1992) , in which normalized sarcomere length changes were plotted on the left-hand y-axis and corresponding [Ca 2+ ] i concentrations on the right-hand y-axis (Figure 3a) . After 3 h, Ca 2+ sensitivity of contraction in control cardiomyocytes was unaffected as evidenced by similar before and after SL shortening-[Ca 2+ ] i phase loops (Figure 3b ). In contrast, SL shortening-[Ca 2+ ] i phase loops for cardiomyocytes exposed to H/R with stimulation were shifted to the right after rewarming (Figure 3c ), reflecting decreased Ca 2+ sensitivity of contraction after rewarming. These results are consistent with our previous studies in papillary muscle ) and isolated cardiomyocytes (Schaible et al., 2016) . For cardiomyocytes exposed to H/R without stimulation, before and after SL shortening-[Ca 2+ ] i phase loops were also unaffected (Figure 3d required to induce 50% shortening or relaxation after H/R without stimulation was similar to that of the control group, which reflects no change in Ca 2+ sensitivity of contraction.
Cardiac TnI phosphorylation
Phosphorylation of cTnI at Ser23/24 was normalized for total cTnI protein expression ( Figure 5 ). The normalized cTnI phosphorylation at Ser23/24 was significantly raised in cardiomyocytes exposed to H/R with stimulation compared with the control group, but there was no significant difference in cTnI phosphorylation at Ser23/24 between the control group and H/R without stimulation.
Myosin binding protein C phosphorylation
Phosphorylation of MyBP-C was assessed by the ratio of phosphorylated MyBP-C to total MyBP-C (Figure 6 ) to determine the effects of H/R and H/R without stimulation on PKA-dependent phosphorylation of MyBP-C. Interestingly, the extent of MyBP-C phosphorylation in H/R and H/R without stimulation was not significantly different compared with the control group or between them.
DISCUSSION
The results from the present study support our hypothesis that if cardiomyocytes remain in asystole during hypothermia, they do not display H/R-induced elevation of p-cTnI and reduced Ca 2+ sensitivity after rewarming. We believe that this protective effect of asystole is attributable to the absence of Ca 2+ overload caused by the prolongation of transient [Ca 2+ ] i responses during hypothermia.
These results might explain the differences in cardiac function after rewarming from accidental hypothermia or controlled hypothermic indicating that the induction of hypothermic cardiac arrest protects the heart from hypothermia-induced cardiac dysfunction. This is in essential contrast to the accidental hypothermia patient, in whom the heart continues to beat and perform mechanical work until cardiac stasis occurs at more extreme temperatures. achieved, these patients were often determined to be 'dead' on site.
However, successful rewarming in these patients has been reported if uninterrupted CPR continues throughout transport to hospitals where rewarming can be instituted. This has led to the mantra that 'a patient is not dead until they are warm and dead' (Hilmo, Naesheim, & Gilbert, 2014) . The present data support the notion that the hearts of these patients are protected by hypothermic arrest in addition to being treated with continuous CPR during evacuation, and attempts to return to spontaneous circulation should follow after controlled rewarming in the hospital or trauma centre. sequestration; Schaible et al., 2016) . Consequently, with a continuation of the evoked contractile stimulus during hypothermia, there is a Ca 2+ overload, which probably activates Ca 2+ -dependent intracellular signalling cascades. One potential signalling pathway of Ca 2+ overload during hypothermia is elevation of cAMP (Reinhardt, Butzheinen, Brodde, & Schumann, 1978) and activation of the intrinsic protein kinase (PKC and/or PKA) pathways. Furthermore, the PKA pathway has been associated with an increase in the cTnI phosphorylation level during hypothermia Schaible et al., 2016) .
Phosphorylation of cTnI is a main mechanism responsible for reducing myofilament Ca 2+ sensitivity (Layland, Solaro, & Shah, 2005; Solaro, 2008) , which is illustrated by a rightward shift of the [Ca 2+ ] i versus sarcomere contraction phase loop or isometric force Mellor et al., 2014; Schaible et al., 2016; Spurgeon et al., 1992) . In addition to finding that cTnI phosphorylation was increased by H/R, we explored probable PKA-dependent MyBP-C phosphorylation, which could be affected by H/R. However, even though it was found that H/R tended to increase MyBP-C phosphorylation, asystole did not mitigate effects of H/R on MyBP-C phosphorylation.
Conclusion
Although H/R leads to contractile dysfunction of cardiomyocytes, mimicking asystole or hypothermic cardiac arrest by avoiding contractile stimulation during hypothermia results in normal contractile function after rewarming. Likewise, asystole prevented the H/R-induced reduction in the Ca 2+ sensitivity of contraction, which is related to a cascade of events, including elevated cTnI phosphorylation. These results suggest that asystole during severe hypothermia provides protection from H/R-induced contractile dysfunction in cardiomyocytes.
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